The purpose of this study is to develop lightweight porcelain using pore-forming additives, such as organic microspheres, organic hollow microspheres and inorganic hollow microspheres, and to evaluate the effect of pores on the mechanical properties. Spherical pores below 100¯m were created in the fired body having porosity up to 45% depending on the amount and type of additives. When a large amount of organic spheres were added, many pores connected each other and open porosity increased. On the other hand, inorganic hollow microsphere were isolated in the fired body so that an open porosity was extremely smaller than a total porosity. Effects of a porosity P on the relative Young's modulus E/E 0 and relative fracture toughness K IC /K IC0 were evaluated and the correlations were in good agreement with the equations E/E 0 = (1 ¹ P)
Introduction
The most representative method for making lightweight ceramics is to create pores within the ceramics to decrease the bulk density. 1) In order to create pores in green bodies, poreforming additives such as organic matter or hollow inorganic matter were added to the raw material and then, molded and sintered.
2)6) We already studied the effect of Poly-acrylonitrile hollow microsphere (hereafter designated as OHM) addition on the lightening and mechanical properties, and reported 7) that porcelain density was lightened about 46% compared to the samples without OHM, but only a small amount of addition of OHM degraded the bending strength since the size of OHMs was large and acted as fracture flows. Furthermore, many pores created by OHM connected each other and increased the open porosity of the porcelain bodies. In this study, smaller organic hollow microspheres, organic microspheres or inorganic hollow microspheres were used for pore-forming additives in order to improve the mechanical properties and water absorption, and we found a suitable pore-forming additives for the use of porcelain and the correlation of Young's modulus and fracture toughness with a function of porosity was evaluated by comparison of the experimental results with the theoretical calculations.
Experimental procedure 2.1 Materials and preparations
The Goryeo Doto readymade porcelain body, 1S, widely used in Korea was used as the starting raw material. The slurry was prepared at 33 wt % of water content. Table 1 shows the chemical compositions of the porcelain body. The particle size analysis of the body was measured using the laser diffraction method, and the mean particle size was 6.8¯m. Figure 1 shows the particle size distribution and the photographs of the body clay observed by scanning electron microscope. Poly-acrylonitrile hollow microsphere (OHM-30, 100), poly methyl methacrylate (PMMA-10, 30), glass hollow microsphere (GHM-30, 40) and fly ash hollow microsphere (FAHM-70, 100) were used for poreforming additives. OHM30 was observed to be bimodal, and the modal sizes were about 30 and 120¯m measured by a particle size analyzer. The chemical compositions of inorganic pore forming additives are shown in Table 2 . In the inorganic pore forming additives, GHM has a typical glass composition of SiO 2 , Na 2 O, CaO and B 2 O 3 , and FAHM has a high amount of SiO 2, Al 2 O 3 and Fe 2 O 3 . GHM30 and GHM40 showed a spherical morphology and a wide particle size distribution. The maximum sizes of GHM30 and GHM40 were about 110 and 150¯m, respectively. Figure 2 shows the morphology of the poreforming additives. Table 3 shows the density and mean particle size of the pore-forming additives.
In 1S slurry with 33 wt % water, 0.01.0 wt % of OHM, 0.0 21.0 wt % of PMMA, 0.08.0 wt % of GHM and 0.040.0 wt % of FAHM were added. The slurry and the pore-forming additives were mixed for 10 min by using the ultrasonic disperser. The mixture was then casted in a plaster mold, dried for 40 min before demolded. The green body was dried in room temperature for 24 h. Dried samples were sintered at the temperature of 1250°C, at a heating rate of 2°C/min and 30 min soaking time.
Measurements
The microstructure of pore-forming additives was observed by using SEM (JSM-6390, JEOL, Japan). The particle size distribution of the pore-forming additives was measured by using the particle size analyzer (Dry Type, Beckman Coulter LS13320, 3 and FAHM to be 0.800.95 g/cm 3 . The porosity and the density were measured by using the Archimedes method using sample size of 12 © 17 © 3.5 mm. Ordinarily, sintered ceramics are consisted of a solid volume V s , an open pore volume V o and a closed pore volume V c . An apparent porosity P a , total porosity and bulk density d b are defined and calculated by following equations. Water absorption percentage W ab is proportional to an apparent porosity P a and inversely proportional to bulk density d b. D/Max 2550V, Japan) was used to observe the change in crystal phase. The three point bending strength was measured at the cross head speed of 0.5 mm/min using the samples in 3 mm © 4 mm © 40 mm. Fracture toughness was measured through SEVNB (Single-edge V-notched beam method), a method suitable for both dense ceramic and porous ceramic. 8) The samples were prepared into a size in 3 © 4 © 40 mm and three samples were measured and averaged. Young's modulus E (GPa) was measured using an ultrasonic technique and calculated using the following relationship:
where μ is the density (g/cm 3 ), V l (m/s), V t (m/s) are the velocities in vertical longitudinal and transverse directions, respectively.
Results

Sintering characteristics
Sintering properties of porcelain bodies with the addition of PMMA10 and PMMA30 are shown in Fig. 3 . In order to avoid a confusion of addition ratio, several properties were plotted against the volume fraction of additives to porcelain body. With the increase in addition of PMMA30 (volume %), bulk density decreased almost linearly and apparent porosity increased almost linearly. From the difference in total porosity and apparent porosity of specimen without an addition of hollow microsphere, about 5 volume % of closed pores were left in the body. Small amount of these closed pores were reported to remain in bodies by many researchers. 10),11) With the increase in addition of PMMA10, bulk density decreased abruptly. Probably, a large amount of small air bubbles were included and remained in the body slurry at the wet mixing process of PMMA10, since the PMMA10 particles were extremely small and were difficult to disperse in the slurry without taking air bubbles in. The microstructures of heat-treated specimens PMMA30-10% and PMMA10-10% were shown in Figs. 4(a) and 4(b), respectively. In Fig. 4(a) , small spherical pores about 30¯m size were observed to be isolated. On the other, in Fig. 4(b) , small spherical particles were observed to coagulate and also many large pores about 100¯m size were observed.
On the other hand, total porosities of bodies added with 40 vol % of PMMA10 and PMMA30 were somewhat smaller than the added volume of PMMA10 and PMMA30. The decrease in pore volume was thought to be brought by the viscous flow sintering of liquid phase and the remained air in sintering body was exhausted to atmosphere through the connected pores.
Sintering properties of porcelain bodies with the addition of inorganic hollow microspheres GHM30, FAHM70 and FAHM100 are shown in Fig. 5 . In case for the samples added with FAHM70 or FAHM100, a decrease in density was larger than the samples added with GHM30. Since FAHM70 and FAHM100 contained about 0.5 mass % of carbon, the reaction product with O 2 , that is CO 2 , was thought to expand vitrified bodies and increased a total volume of bodies at sintering. SEM images of particle morphology and the cross section of FAHM are shown in Figs. 6(a) and 6(b) . When a large amount of FAHM was added as shown in Fig. 6(c) for the specimen of FAHM100-30%, a few spherical pores created by FAHM connected each other through the small pores observed at the surface or section of FAHM particles. With the increase in addition of FAHM70 and FAHM100, the connection of spherical pores increased open pore volume, namely apparent porosity in Fig. 5 .
In case for the samples added with GHM30, a bulk density decreased almost linearly and a total porosity increased almost linearly with the increase in addition. Furthermore, an apparent porosity stayed near zero in all specimens, since almost all pores remained closed and isolated in sintered bodies because of its high temperature stability. The microstructure of 30% GHM30 added specimen is shown in Fig. 7 . Almost of all the pores were spherical and isolated. Having no open pores is quite important in order to retain a clean and flat surface of porcelains. GHM30 was thought to be the most suitable additive because the water absorption was almost zero independent of addition percent.
Mechanical properties
Effect of addition of organic and inorganic microspheres on the bending strength is shown in Fig. 8 . An increase in addition of all microspheres decreased the bending strength of porcelain bodies, and the degree differed depending on the type and size of hollow microspheres. Only a little addition of OHM30 and OHM100 extremely degraded bending strength. OHM30 had a wide particle size distribution up to 120¯m, so that the large pores created by coarse OHM particles also affected the bending strength along with the effect of density decrease. In Fig. 9 , all bending strength data were plotted against the bulk density of bodies, because the porosity was known to affect the mechanical strength directly. In case for samples added with inorganic hollow microspheres GHM30, FAHM70 and FAHM100, bending strength · was expressed as a power function of bulk density μ by the equation · = 17μ 2.06 . In case for samples added with organic hollow microspheres PMMA10, PMMA30, OHM30 and OHM100, bending strength · was expressed as a power function of bulk density μ by the equation · = 12μ 2.27 and the absolute strength values were lower than those of samples added with inorganic pore-forming additives on the basis of same density. The bending strength of porcelain bodies depends not only on porosity but also on Griffith flaw size C and fracture toughness K IC as shown in a next Eq. (2). 
In Fig. 10 , the fracture toughness K IC of samples measured is shown as a function of bulk density. The relationship between fracture toughness and bulk density was expressed well by the power function K IC = 0.30μ 1.54 or K IC = 0.27μ 1.60 depending on the type of hollow microspheres, inorganic or organic, respectively. The fracture toughness of the samples added with inorganic hollow microspheres GHM30, FAHM70 and FAHM100 was larger by about 10% than the value of the samples added with organic hollow microspheres PMMA10 or PMMA30 on the basis of the same density. But, the difference in fracture toughness between these samples was smaller than the difference in bending strength as shown in Fig. 9 .
From Eq. (2), equivalent flaw size C can be obtained by:
Supposing Y 2 =³, 12) calculated equivalent flaw size C is shown in Fig. 11 . In case for the specimens without hollow microspheres, equivalent fracture flaw size was about 55¯m and approximately corresponded to the largest particle size of raw materials. When the organic hollow microspheres were added, fracture flaw size became large and reached to about 100¯m, which was extremely larger than the particle size of PMMA10 and PMMA30. Such an increase in flaw size was thought to be brought by a wide particle size distribution of PMMA10 and PMMA30 up to 150 m and an aggregation of organic hollow microspheres at the wet-mixing process as shown in Fig. 4(b) . On the other hand, when the inorganic hollow microspheres GHM30, FAHM70 and FAHM100 were added, equivalent flaw size kept same value until the bulk density reached to below 1.4 g cm
¹3
. This result shows that the inorganic hollow microspheres are more suitable for poreforming agent than organic materials from the view points of a high strength and a closed porosity.
Discussions
In this section, Young's modulus and fracture toughness of porous bodies were theoretically examined. Young's modulus is also an important factor for mechanical properties of ceramics because a fracture toughness is a function of Young's modulus E and surface energy of fracture £. In Fig. 12 , Young's modulus of the bodies was plotted against the relative density d instead of bulk density in order to exclude the difference in the true density of various bodies. Relationship between a Young's modulus and a relative density was analyzed by curve fitting as a power function and the relationship was obtained as follows:
This result was in good agreement with the theoretical relationship derived by M. Kobashi 13) for porous metals having open cell structure as follows:
where E 0 denotes a Young's modulus of pore-free solids.
L. F. Nielsen 14) also reported that the Young's modulus of porous materials was expressed as Eq. (6):
where, f denotes a shape factor of pores and has a value between zero to 1.0 depending on the type and form of pores. When a shape factor is f = 1.0, Eq. (6) There were many reports 15)19) about the relationship between a Young's modulus E and a porosity P (=1 ¹ d) of a variety of ceramics as shown in Table 4 . Young's modulus of various ceramics abruptly decreased with an increase in porosity. At a porosity of 20% or 40%, a relative Young's modulus E/E 0 was in the range of 0.4440.566 or 0.1590.357, respectively. On the other hand, relative Young's modulus of porous bodies in this study showed higher value of 0.657 and 0.383 at a porosity of 20 and 40%, respectively. A higher Young's modulus at a same density is advantageous for strengthening ceramics since the fracture toughness is a function of Young's modulus and the increase in Young's modulus lead to an increase in mechanical strength. This excellent result was thought to be brought by a spherical form of pores and their isolated distribution in the body.
Fracture energy £ also depend on the porosity of solid materials, since the surface area newly created by crack progress is decreased by pore area. When a solid material has many pores, the porosity of which is P, a relative cross section area to that of pore-free solid material is expressed as a function of porosity by S/S 0 = (1 ¹ P 2/3 ). Therefore, surface energy by a unit crack progress is proportional to the product of true surface energy £ 0 and relative cross section area S/S 0 , and equal to £ = £ 0 (1 ¹ P
2/3
). Relative density is also expressed in an equation d = 1 ¹ P, so that the relative Young's modulus E/E 0 is expressed as a function of porosity in an equation:
Thus, the fracture toughness K IC is expressed as follows:
where K IC0 equals to the fracture toughness of pore-free solid materials. Figure 13 shows the relationship between a fracture toughness and a relative density of porous bodies. A regression curve according to an Eq. (8) agreed well to the actual measured values in this study.
Conclusions
Poly-acrylonitrile hollow microsphere, PMMA microsphere, glass hollow microspheres and fly ash hollow microspheres were used as pore-forming additives and porous porcelain bodies were prepared.
(1) Spherical pores below 100¯m were created in the heattreated body having porosity up to 45% depending on the amount and type of additives. When a large amount of organic sphere were added, many pores connected each other and water absorption increased. On the other hand, added glass hollow microsphere were isolated in the fired body so that the open porosity was extremely smaller than the total porosity.
(2) Effect of porosity on the Young's modulus of porous bodies was analyzed by a curve fitting and a good correlation was observed as a power function E = 73.1d 1.88 . This relationship was in good agreement with the theoretical calculation E = E 0 d Fig. 13 . Relationship between a fracture toughness and a relative density of heat-treated bodies.
Journal of the Ceramic Society of Japan 122 [3] 204-210 2014
